Abstract: The effects of reducing dietary omega (n)-6 to n-3 fatty acid (FA) ratios on body fat mobilization in lactating sows (n = 100) were investigated.
Introduction
At farrowing, sows undergo dramatic metabolic changes associated with milk production. If unable to consume sufficient feed to meet the energy requirements of milk production, sows will mobilize their own tissue, which over successive parities can have deleterious impacts on rebreeding, and may be a factor in early culling (Clowes et al. 1998; Noblet et al. 1990 ).
In monogastrics, it is well known that the fatty acid (FA) profile of adipocytes reflects the composition of dietary lipids (Eastwood et al. 2009; Fickova et al. 1998) . Altering the FA composition of adipose tissue can affect lipolytic activity and the ability of a sow to mobilize body fat (Tilton et al. 1999) . Omega-3 (n-3) FA perturb several aspects of lipid metabolism (Chan et al. 2003; Harris 1997; Lee et al. 2008) , which may affect feed intake. Moreover, it is possible that the proportion of n-3 FA in relation to omega-6 (n-6) FA will differentially affect body fat mobilization (Papadopoulos et al. 2008a) ; however, the effect of n-3 FA and the n-6:n-3 ratio on lipogenesis and lipolysis is not clear.
The objective of this trial was to determine if altering the n-6:n-3 FA ratio in sow diets would affect sow body condition, milk production, and piglet performance during lactation. Specifically, we aimed to determine how altering the dietary n-6:n-3 FA profile would affect whole body metabolism, and the sows' ability to provide nutrients and energy to her offspring by measuring piglet growth rate, sow feed intake, and the lipolytic activity of the adipose tissue after epinephrine stimulation. It was hypothesized that sows consuming diets with a reduced n-6:n-3 FA ratio would have increased body fat mobilization and increased nutrient output in their milk.
Materials and Methods
The experiment was approved by the University of Saskatchewan's Animal Research Ethics Board and adhered to the Canadian Council on Animal Care guidelines for humane animal use (CCAC 2009 ). The experiment was conducted at the Prairie Swine Centre Inc. (Saskatoon, SK, Canada). All pigs were commercial genetics (Camborough Plus females × C337 sires; PIC Canada Ltd., Winnipeg, MB, Canada).
Animals and housing
The experiment utilized 100 sows (290 ± 28 kg BW, parity 2-5) that had begun consuming their respective experimental diets approximately 11 months before farrowing (third farrowing since diet initiation; performance results from previous two farrowings reported by Eastwood et al. 2014) . To qualify for the experiment, sows were required to farrow ≥11 piglets and nurse ≥10 piglets throughout lactation, and were selected from a larger pool of 150 sows used in the previous experiment. All animals were managed according to standard production practices throughout breeding, gestation, and farrowing; all piglets were cared for under normal operating procedures. Cross-fostering of piglets was completed within the first 24 h of farrowing and only when a sow had more piglets than functional teats. Whenever possible, cross-fostering occurred within treatment. If piglets were cross-fostered outside of treatment, their individual performance data were not included in the analysis. Lactation averaged 26 ± 2 d.
Sows were bred in a dedicated breeding room equipped with individual stalls (CADILLAC AI stall; Egebjerg International, Egeberg, Denmark). Approximately 14-16 sows were bred weekly. Boar exposure occurred daily (head to head contact) until standing heat was detected at which point sows were bred using artificial insemination. Pregnancy was confirmed via ultrasound at approximately d 20 after breeding and sows were moved a group housing facility when they were 4-5 wks pregnant.
The gestation facility contained a free access stall system (INN-O-STALL free access stall; Egebjerg International, Egeberg, Denmark) with 6 group pens, each with 32 individual, walk in/lock in stalls. Each stall measured 66 cm wide by 210 cm long (front 150 cm solid floor, back 60 cm slatted) by 103 cm high. Minimum space allowance per sow was 2.2 m 2 . Each stall was equipped with an individual feeder and a nipple drinker.
On approximately d 110 of gestation, sows were moved to a farrowing room equipped with 16 individual farrowing crates (INN-O-CRATE farrowing crate; Egebjerg International, Egeberg, Denmark). Each crate measured 183 cm wide by 244 cm long and had an adjustable sow space and a piglet area. The sow area could be adjusted in length (190-201 cm) and width (57-85 cm at back) and was equipped with metal bar siding and crash bars. The piglet area measured 90 cm by 90 cm and contained an easy access hood, as well as rubber mats and a heat lamp. Crate flooring was fully slatted metal and siding was polyvinyl chloride. Individual bowl feeders and nipple drinkers were located at the front of each sow space.
Sows and piglets were housed in temperaturecontrolled rooms according to the thermoneutral zone for the specific age and stage of reproduction (Zhang 1994) . Lighting was maintained on a 12 h light : 12 h dark cycle (0700-1900 light) throughout the experiment.
Treatments and feeding
Sows were randomized to 1 of 5 dietary treatments, each divided into a gestation and a lactation diet (n = 20 sows treatment −1 ; completely randomized design, balanced across parities). Diets were wheat-and barleybased, and were formulated to meet or exceed nutrient requirements according to NRC recommendations for gestating and lactating sows (NRC 1998), and balanced using NE. Digestible energy and NE were calculated from ingredient composition using equations (Noblet and Perez 1993; Noblet et al. 1994) . NRC (1998) and INRA (2004) tables were used to obtain chemical composition of dietary ingredients. Oils with different polyunsaturated fatty acid (PUFA) profiles were added to adjust the ratio of n-3 to n-6 FA while maintaining constant total fat levels. Flaxseed meal (FSM) and oil were obtained from Vandeputte S.A (Mouscron, Belgium). The chemical composition of this FSM product has previously been described (Eastwood et al. 2009 ). Herring oil was obtained from Federated Co-Operatives Ltd. (Saskatoon, SK, Canada) and corn oil was from Pestell Minerals & Ingredients (New Hamburg, ON, Canada).
The treatments consisted of a tallow-based control diet, which was low in PUFA content (8:1 n-6:n-3 ratio), 3 diets with plant oil based n-6:n-3 ratios (9:1P, 5:1P, and 1:1P), and a 5:1 fish oil diet (5:1F). The main sources of α-linolenic acid (n-3) were flaxseed, FSM, and flaxseed oil, whereas the primary n-6, linoleic acid, was provided by corn and corn oil. Long-chain n-3 FA, eicosapentaenoic acid and docosahexaenoic acid, were obtained from the herring oil. The control diet had a ratio of 8:1, but contained approximately 50% less total PUFA than the other diets. Ethoxyquin was added (0.2 g kg −1 inclusion) to all diets to reduce the risk of FA oxidation and potential problems with diet rancidity. Diets were pelleted. Formulations and FA profiles of the gestation and lactation diets were previously published (Eastwood et al. 2014) . Throughout breeding and gestation, sows were hand fed 2.5-3.0 kg of feed per day (0800 h) depending on body condition, in a single meal. Approximately 2 wks before farrowing, feed intake was increased to 3.0-3.5 kg d −1 .
After farrowing, feed was provided ad libitum with their allotment increased daily as appetite increased. Sows were fed gestation diets throughout breeding and gestation and were switched to lactation diets on d 110 of gestation, when they were moved into the farrowing house. Water was available ad libitum throughout the trial.
Experimental procedure
Sows were weighed using a floor scale, and backfat thickness determined at d 110 of gestation, within 24 h after farrowing, d 7 after farrowing, and at weaning (d 26 ± d 2 after farrowing). Backfat thickness was determined using Real Time (B Mode) Ultrasound (Pie Scanner 200 SLC; Pie Medical, Maastricht, the Netherlands). The right side of each animal was scanned longitudinally between the 10th and last rib, 5 cm lateral to the dorsal midline. To ensure that scan location was the same for repeat measurements, the location was marked during the first scan.
The total number of piglets born, mummies, and stillbirths were recorded. Piglets were weighed after farrowing, and on d 3, 7, 10, 14, 21, and at weaning (d 26 ± d 2).
Milk production, dry matter, energy, and nitrogen output in milk were calculated according to the equations of Noblet and Etienne (1989) , for d 1 to 21, d 1 to 5, and d 5 to 21 of lactation.
A milk sample (10-20 mL per sow per sample) was removed from all functional teats after an intra-vulva injection of oxytocin (Oxyto-Sure 20 IU mL −1 , 1 mL;
Vetoquinol, Lavaltrie, QC, Canada) on d 4 and 16 after farrowing. Milk was frozen at -20°C until further analysis. A subset of sows from 2 of the 5 treatments (n = 10 for 9:1P diet; n = 8 for 1:1P diet) were randomly selected and used to evaluate the effect of the n-6:n-3 ratio on markers of FA mobilization from adipose tissue. These 2 diets were chosen to allow for the comparison of the most extreme n-6:n-3 ratios, with comparable PUFA content. On d 5 of lactation, sows had a jugular catheter inserted via the lateral auricular vein according to the method of Niiyama et al. (1985) . Catheter patency was maintained with a solution of sterile heparinized saline (0.1% heparin).
An epinephrine challenge was conducted on d 5 of lactation as described by Tilton et al. (1999) and Mersmann (1986) . An epinephrine dose of 1.6 μg kg −1 BW was used (Tilton et al. 1999 ). Blood samples were collected 15 min pre-infusion and at time 0, 2, 4, 6, 10, 15, 20, 30, 45, 60 , and 120 min after infusion. Samples were collected into evacuated blood tubes containing EDTA as an anticoagulant. Plasma was separated by centrifugation at 830 × g for 15 min at room temperature (Beckman TJ-6 Centrifuge; Beckman Coulter, Mississauga, ON, Canada) and kept frozen at -20°C until analysis. Similarly, a glucose challenge to evaluate the effect of the n-6:n-3 ratio on tissue sensitivity to insulin was performed on d 6 of lactation. Sows were infused with glucose (1 mg kg −1 BW) after a 12-h fast (Tilton et al. 1999 ).
Blood samples were collected in the same manner as those from the epinephrine challenge except samples were also taken at 150 and 180 min after infusion. Due to the 12-h fast, sows undergoing the glucose challenge were not included in the d 0-26 feed intake calculations. Concentrations of leptin in serum were determined on d 6 using the 15 min before infusion blood sample and on d 15 of lactation using a sample collected by cranial vena cava venipuncture into evacuated blood collection tubes with no additives. Serum was separated by centrifugation at 830 × g for 10 min at room temperature (Beckman TJ-6 Centrifuge; Beckman Coulter, Mississauga, ON, Canada) and kept frozen at −20°C until analysis.
Analytical methods
Diet analysis was performed by a commercial laboratory (Central Testing Laboratory Ltd., Winnipeg, MB, Canada). Measures included DM (method 930.15; AOAC 1990), ash (method 923.03; AOAC 1990) , N (Leco Analyzer, St. Joseph, MI, USA), crude fat (ANKOM XT20), crude fibre (AOCS Ba6a-05), ADF (ANKOM 08-16-16), lignin (ANKOM 3/98), and Ca and P (methods 968.08 and 935.13 A, respectively; AOAC 1990).
Diets were analyzed for their FA profile using gasliquid chromatography (GLC; Agilent 6890 system with Agilent ChemStation Software; Agilent Technologies, Mississauga, ON, Canada). Direct FA methylation was performed according to the procedure of O'Fallon et al. (2007) . Non-methylated C13:0 (Nu-Chek Prep Inc., Elysian, MN, USA) was used as an internal standard and all chemicals used were GLC grade (Sigma-Aldrich Inc., St. Louis, MO, USA). Fatty acid methyl ester (FAME) samples were compared with a standard mixture containing a wide array of FAME ranging from C8:0 to C24:1 (GLC-68-D, GLC-97, and U-62-M; Nu-Chek Prep Inc., Elysian, MN, USA) using a GLC program slightly modified from the procedure described by O'Fallon et al. (2007) . Briefly, the instrument was set for a 1.0 μL injection, split at a ratio of 30:1. The injector set points were a temperature of 260°C, pressure of 40.24 psi, and a total carrier gas (He) flow of 37.5 mL min −1 . The initial oven temperature was 140°C and held for 5 min. The temperature was ramped up at a rate of 4°C min −1 to a maximum of 240°C and held for 15 min. The total run time was 45 min. FAME were separated on a 100 m × 0.25 mm i.d. fused silica column with a 0.20 μm polar biscyanopropyl phase (Supelco 2560; Sigma-Aldrich Inc., St. Louis, MO, USA). Detection was by flame ionization, set at 250°C, H flow of 40 mL min −1 , air flow of 450 mL min −1 , and
He flow of 45 mL min −1 . Serum samples from the epinephrine challenge were analyzed for glucose, non-esterified fatty acids (NEFA), and glycerol using colorimetric test kits purchased from BioAssay Systems (Hayward, CA, USA; catalogue numbers DIGL-200, EFFA-100, and EGLY-200, respectively). The glycerol assay had a linear sensitivity between 10 and 1000 μM and an intra-assay CV of 9.1%. The linear sensitivity range for NEFA was 7-1000 μM with an intra-assay CV of 10.6%. The glucose kit had a linear sensitivity range of 0.7-300 mg dL −1 , with an intra-assay CV of 5.9%. Samples from the glucose challenge were analyzed for glucose, and for C-peptide (pro-insulin) using a porcinespecific C-peptide RIA kit (catalogue number PCP-22 K; Millipore Corp., Billerica, MA, USA; intra-assay CV was 9.0%). Leptin was analyzed using a multi-species leptin RIA kit (catalogue number XL-85 K; Millipore Corp., St. Charles, MO, USA; intra-assay CV was 5.6%). To obtain standardized results with the multispecies kit, leptin is reported as a human equivalent value. Both leptin and C-peptide analyses were conducted at the Western College of Veterinary Medicine, University of Saskatchewan (Department of Veterinary Biomedical Sciences). Milk samples were analyzed for total solids (DM) using AOAC method 990.20 (AOAC 1990) .
Statistical analysis
Data were analyzed using the Mixed Model procedure of SAS version 9.2 (SAS Institute Inc., Cary, NC, USA) for a completely randomized design. Performance, milk composition, and baseline blood data were analyzed as single time points, with sow as a random effect and diet as a fixed effect. The initial statistical model included sow parity as a block (randomized complete block design); however, the effect of parity was not significant (P > 0.10) and was removed from the model. Tukey's honestly significant difference was used for means separation.
For time-course data (epinephrine and glucose challenges), area under the curves (AUC) were calculated using the before infusion samples as the baseline (Tilton et al. 1999) and were analyzed using a completely randomized design. Sow was considered a random effect and diet was considered a fixed effect. Total AUC and net incremental AUC (niAUC) values are presented, with niAUC accounting for baseline concentrations before the challenges. Leptin concentrations were analyzed separately for each time point (d 5 and 15) as a completely randomized design. Sow was the random effect and diet was the fixed effect.
Pearson correlations between sow serum metabolites and performance (sow and piglet) measures were determined using the ProcCorr procedure within SAS. For all data, significance was declared when P ≤ 0.05. Tendencies were declared when P < 0.10 but P > 0.05.
Results
As discussed by Eastwood et al. (2014) , the 5:1F diet was formulated to have a 1:1 ratio; however, FA analysis revealed that the actual ratio was closer to 5:1. Similarly, the diet formulated as a 10:1 ratio was found to contain a 9:1 ratio in gestation and 7:1 in lactation.
Sows were required to farrow ≥11 piglets and nurse ≥10 throughout lactation. For the control, 9:1P, and 5:1F treatments, 19 sows maintained this level of production and completed the trial. For the 1:1P-fed sows, 18 maintained at least 10 piglets throughout lactation; all 20 sows remained on trial in the 5:1P-fed group.
Milk production, estimated as described by Noblet and Etienne (1989) The effect of altering the FA ratio in sow diets on piglet performance and growth during P3 is shown in Table 1 . There were no diet effects on piglet birth, weaning weight, or on ADG of the piglets throughout lactation (P > 0.10).
Sow performance is also shown in Table 1 . There were no effects of diet on weaning to estrus intervals (P > 0.10) or on sow weight change during lactation (P > 0.10). Sows consuming the 5:1P and 1:1P diets had greater backfat thickness before farrowing (d 110, P = 0.013) and at weaning (P < 0.01) compared with the other groups. Sows consuming the 5:1F diet tended to lose the most backfat throughout lactation (P = 0.061).
Sow feed intake was estimated as daily disappearance from farrowing to d 3 of lactation, and then total disappearance until weaning (Table 1) . Throughout the entire lactation, sows consuming the control and the 5:1P diets had greater feed intake, whereas sows consuming the 1:1P diet had the least feed intake and sows consuming the 9:1P and 5:1F diets had intermediate feed intake (P = 0.047). There was no effect of diet on early lactation feed intake; however, there was high variability between animals in early lactation.
Sows consuming the 9:1P and 1:1P diets underwent a metabolic challenge with exogenous epinephrine to determine the effects of reducing the n-6 to n-3 FA ratio in the diet on the maximal lipolytic activity of sow adipose tissue. The effects of diet on the baseline (before challenge) concentrations of plasma NEFA, glycerol, and glucose are shown in Table 2 . Circulating glucose was numerically greater in sows fed the 9:1P n-6:n-3 FA ratio relative to those fed the 1:1P ratio (P = 0.108). Both NEFA and glycerol concentrations were numerically greater in the 1:1P pigs at baseline compared with the 9:1P pigs; however, these differences were not significant (P > 0.10).
Shown in Table 3 , the niAUC and peak concentrations for NEFA and glycerol were similar between sows fed the 9:1P and 1:1P diets during the epinephrine challenge (P > 0.10). Sows consuming the 9:1P diet tended to have lower glucose peaks when adjusted for baseline and lower niAUC responses during the epinephrine challenge (P = 0.087).
After a 12-h fast, sows receiving the 9:1P and 1:1P treatments were challenged with glucose to allow for a determination of the effect of diet on tissue insulin sensitivity. Before the challenge, there was no effect of dietary FA ratio (P > 0.10) on the circulating concentration of either glucose (64.1 ± 5.7 mg dL ), or C-peptide response (AUC, 45.4 ± 12.6 ng mL −1 ) were observed (P > 0.10). Peak glucose, regardless of dietary treatment during the fasted glucose challenge, was similar to the baseline values for fed sows. C-peptide values rose above baseline during the challenge regardless of diet. Plasma leptin concentration was measured on d 5 and 15 of lactation. As shown in Table 2 , there was no effect of dietary treatment on the leptin concentration on d 5 (P > 0.10). However, sows consuming the 1:1P n-6: n-3 ratio diet tended to have elevated leptin concentrations on d 15 (P = 0.067).
Simple Pearson correlations between blood and performance parameters were determined (Table 4) . Leptin was positively correlated with NEFA (P = 0.057) and glycerol (P = 0.106). Glycerol and NEFA were highly correlated with each other (P < 0.001) and were negatively correlated with feed intake (P < 0.05). Leptin was not correlated with sow feed intake, but was negatively correlated to piglet weight gain (P = 0.004). Glycerol and NEFA concentrations were positively correlated with backfat thickness (farrowing: P < 0.05; weaning: P < 0.10). Leptin was positively correlated with weaning backfat thickness (P = 0.027).
Discussion
This experiment was designed to determine if altering the n-6:n-3 FA ratio in sow diets would affect body condition, milk production, and piglet performance during lactation. Specifically, the objective was to determine if reducing the dietary n-6:n-3 FA ratio for sows would Significance was declared when P ≤ 0.05, tendencies when P < 0.10 but P > 0.05. Standard deviation is presented instead of SEM, due to different n per treatment group. d d 110 refers to the 110th day of gestation. e Due to a 12-h fasting period, sows undergoing metabolic challenges were not included.
affect whole body metabolism and the sows' ability to provide nutrients and energy to her offspring. Milk energy output was estimated using equations provided by Noblet and Etienne (1989) , which are based on the growth rates of piglets throughout lactation. For all estimation equations, they reported a minimum R 2 of 0.81 between sow milk DM, and energy and N in milk from litter BW gain. This method was chosen over the weigh-suckle-weigh method of measuring milk output or isotope dilution because it does not disrupt the normal social interaction of sow and litter or require fasting (Pettigrew et al. 1985) . Litters were standardized to between 10 and 12 piglets, and there was no effect of sow diet on piglet ADG, and consequently, no effects on estimated nutrient and energy output in the milk. This trial intended to study the effects on high-producing sows, and thus sows were required to be nursing at least 10 piglets. Data shows that the n-6:n-3 FA ratio in the diet of sows, nursing 10-12 piglets, has no effect on energy or nutrient output in their milk. It is possible that milk energy output was not a limitation for sows raising 10-12 piglets per litter and larger litter sizes may be required to fully test this hypothesis.
Differences in feed intakes seen in this trial may be due to metabolic signals triggering satiety receptors (such as increases in the hormone leptin), or to palatability. Palatability is the overall acceptance of a feedstuff, with taste being a major constituent (Church 1977) . Lipid peroxidation, leading to rancidity and off-flavors, occurs when an oxygen free radical interacts with a FA (Halliwell and Chirico 1993) , and could decrease palatability. Polyunsaturated FA are at a greater risk for peroxidation because a double bond binds hydrogen molecules with a lower affinity than a single bond (Halliwell and Chirico 1993) , and thus PUFA is more likely to interact with an oxygen molecule to form a peroxyl radical. If multiple double bonds are present in the FA chain, such as with PUFA, this process becomes selfpropagating.
Although palatability could have been an issue with the 1:1P and 5:1F diets, it is unlikely that rancidity was a factor in the current experiment. The diets contained 0.2 g kg −1 ethoxyquin as an antioxidant. Additionally, diets were made at frequent intervals to prevent deterioration associated with long-term storage. Moreover, when diets were analyzed for FA, the long-chain PUFA showed no change over time. The intakes for the 9:1P diet were similar to the 1:1P and 5:1F diets, which also indicates that perhaps rancidity was not the reason for decreased feed intake, because the 9:1 diet contained less n-3 FA than the others. When an animal is in a state of negative energy balance, the triacylglycerides stored in adipose tissue are broken down into free FA (NEFA) and glycerol to provide energy (Arner 2003) . The FA are transported to the liver for oxidation. In lactating sows, a negative energy balance could be a result of the reduction in appetite after farrowing or by having such a high level of energy output in the milk that she cannot physically consume enough feed to meet her requirements, even at maximal feed intake (Whittemore 1996) . In either situation, energy output exceeds energy intake, putting her into Table 2 . Baseline plasma concentrations of glucose, NEFA, glycerol, C-peptide, and leptin in lactating sows fed diets containing n-6:n-3 FA ratios of 9:1P or 1:1P for 11 months.
Dietary treatment (n-6:n-3 FA ratio) Statistics a Significance was declared when P ≤ 0.05, tendencies when P < 0.10 but P > 0.05. Standard deviation is presented instead of SEM, due to different n per treatment group. The 1:1 diet used 8 sows for the epinephrine challenge (fed glucose, NEFA, glycerol) and 7 for the glucose challenge (fasted glucose, C-peptide).
d HE is human equivalent. a state of negative energy balance, requiring her to utilize body reserves to meet her output demands (Jones and Stahly 1999; Noblet et al. 1990; Vinsky et al. 2006 ). Prior to the epinephrine challenge, there was no evidence that feeding a 9:1P or 1:1P diet for 11 months had an impact on overall body fat metabolism, as there were no differences in baseline NEFA or glycerol concentrations. The estimated milk energy output based on piglet growth rates was also unaffected by dietary treatment, suggesting that regardless of diet, sows were able to produce similar energy outputs in their milk.
Sows in the 1:1P treatment group had the lowest feed intake and had greater backfat thickness before farrowing, during lactation, and at weaning. Leptin is a protein hormone produced primarily from adipose tissue (Wylie 2011) , which regulates energy intake by acting on hypothalamic receptors to inhibit appetite (Campfield et al. 1996) . Levels of circulating leptin are inversely proportional to feed intake during lactation (Estienne et al. 2000) and proportional to the total amount of adipose tissue in the body, which we and others (De Rensis et al. 2005; Estienne et al. 2000 ) estimated using backfat thickness. Relative to the 9:1P-fed sows, sows consuming the 1:1P ratio diet had increased circulating leptin levels and increased backfat thickness. This increase in plasma leptin was positively correlated with circulating plasma NEFA and glycerol. Additionally, negative correlations were seen between sow plasma leptin concentrations and piglet weight gain throughout lactation in the current study, perhaps due in part to reductions in sow feed intake.
Leptin gene expression may be reduced by dietary PUFA content (Reseland et al. 2001) . Gene expression was not measured in the current study; however, it can be postulated that direct effects of PUFAs on leptin promoter activity altered circulating leptin concentrations. Leptin also reduced FA esterification rates in cultured adipose tissue (Ramsay 2004) , which may explain why the 1:1P pigs with greater plasma leptin had increased levels of circulating NEFA. The effects of leptin on adipose tissue metabolism are not seen in acute studies, but are observed under chronic leptin exposure (Harris 2000) . Sows in our trial consumed the PUFA treatments for 11 months before farrowing. Backfat thickness was not different across treatment groups at the onset of the feeding trial (Eastwood et al. 2014) , but changed over time, resulting in the 1:1P-fed sows having greater backfat. Thus, it is possible that long-term dietary PUFA manipulation lead to changes in leptin expression and in turn to changes in FA esterification, as evidenced by increased in circulating NEFA concentrations in 1:1P-fed sows.
Previous studies on feeding PUFA have shown variable responses in terms of adipose tissue metabolism. Table 3 . Plasma concentrations of glucose, NEFA, and glycerol during an epinephrine challenge for lactating sows fed diets containing n-6:n-3 FA ratios of 9:1P and 1:1P for 11 months.
Dietary treatment (n-6:n-3 FA ratio) Statistics Significance was declared when P ≤ 0.05, tendencies when P < 0.10 but P > 0.05. Standard deviation is presented instead of SEM, due to different n per treatment group. Net incremental area under curve is the total area under the curve adjusted for baseline. Gavia et al. (2001) showed that feeding rats PUFAenriched diets for 8 wks decreased lipolytic rates. Conversely, in another study, feeding diets enriched with n-3 FA to rats for 1 wk increased lipolytic responses and decreased lipogenesis (Fickova et al. 1998 ), whereas Awad et al. (1990) and Allee et al. (1972) were unable to show any effect of dietary FA composition on lipid metabolism in the adipose tissue of mature rats or pigs. In another study, 10% tallow (low PUFA) added to the diet of lactating sows did not alter the rates of lipolysis measured using an exogenous epinephrine challenge (Tilton et al. 1999) . Papadopoulos et al. (2008b) looked at the effects of supplementing a lactation feed with 2% sunflower or fish oil (10:1 and 2:1 n-6:n-3 ratios, respectively) administered 8 d before parturition. They found that, relative to fish oil, sunflower oil was associated with high serum leptin concentrations pre-and post-partum, insulin resistance on the first day of lactation, and decreased feed intake on the first and second days after parturition. Moreover, across all treatment groups, there was a significant negative correlation between leptin and litter weight and litter growth.
Sows consuming a diet with a FA ratio of 9:1P may have had a greater response to the epinephrine challenge, as indicated by a lower niAUC glucose (niAUC NEFA and glycerol concentrations were only numerically increased). Similar results were observed by Tilton et al. (1999) . They found that pigs which had a reduced response to the epinephrine challenge (fed 10% added tallow) had greater peak levels of circulating glucose. They proposed that the peripheral tissues of these sows may be sparing glucose because they are relying more on circulating FA for energy. In the current study, the 1:1P-fed sows had a reduced response to a metabolic challenge with exogenous epinephrine and also had increased peak levels of circulating glucose.
In the experiment conducted by Tilton et al. (1999) , although plasma NEFA concentrations increased in response to the epinephrine challenge, glycerol did not increase. They concluded that the changes seen were due to alterations in the clearance rates of NEFA from circulation and were not due to a change in adipose tissue responsiveness. Sows with more responsive adipose tissue would be more able to mobilize body fat stores a Significance was declared when P ≤ 0.05, tendencies when P < 0.10 but P > 0.05.
during a period of stress or during an energy balance challenge, and thus should be able to better cope with the negative energy balance that occurs in early lactation. When sows were presented with a fasted exogenous glucose challenge, peak glucose, regardless of dietary treatment, was similar to the baseline values for fed sows, indicating that a rapid increase in plasma glucose occurred during the challenge. Both Tilton et al. (1999) and Coffey et al. (1987) reported no dietary effects on plasma insulin concentration due to challenge. In the current experiment, the glucose challenge caused the expected increase in plasma glucose and C-peptide (preinsulin), but there were no differences between diets. Glucose concentration rose to a level similar to the baseline values obtained when the sows were in the fed state, indicating that our challenge model may not have pushed sows beyond the typical insulin response and the insulin response was unaffected by the FA ratio in the diet.
In the current experiment, sows were fed their respective diets for 11 months before data collection. As discussed above, sows fed the 1:1P diet had greater backfat thickness by the end of this period and had increased circulating leptin that was correlated with increased NEFA and glycerol concentrations, indicating these sows may have been mobilizing more body fat in early lactation. Additionally, NEFA was correlated with decreased feed intake in sows, furthering the conclusion that sows fed the 1:1P diet may have been in an increased state of negative energy balance relative to sows fed the 9:1P diet. The 1:1P-fed sows had increased backfat, which was correlated with signs of body fat mobilization and reduced feed intake, as well as reduced piglet growth rates.
Summary and Conclusions
Overall, sows consuming diets with reduced n-6:n-3 FA ratios performed as well as those consuming more typical Western Canadian diets (wheat/barley based with ∼10:1 n-6:n-3 ratio). Birth and weaning rates, as well as piglet growth, were unaffected by dietary treatment. Sows consuming a plant-based ratio of 1:1 had reduced feed intakes relative to control pigs. Metabolic adaptations of the sows were measured in the 9:1P-and 1:1P-fed groups and results show that sows fed the 1:1P ratio diet had increased leptin, which was positively correlated with increased NEFA and glycerol, allowing us to propose that these sows were in a state of negative energy balance relative to the 9:1P-fed pigs throughout early lactation. There were no differences between diets on piglet growth rate, and thus on estimated milk energy and nutrient outputs. This implies that sows can compensate through body fat mobilization, ensuring that their offspring are provided with an adequate supply of energy and nutrients for growth.
A reliance on the use of body fat reserves could have negative long-term effects on the sow, leading to a reduced reproductive lifespan in the herd and increased cost of production. Combining the production data for all 5 dietary groups with the metabolic data of the 9:1P-and 1:1P-fed sows, we conclude that when the n-6:n-3 ratio becomes very low, negative effects can be observed on the sow, and a moderate n-6:n-3 ratio would be more beneficial than a 1:1 ratio.
